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A finite element simulator for spine orthopaedics
with haptic interface
G. Zhan and I. Gibson*
Department of Mechanical Engineering, National University of Singapore, Singapore
The human spine is a biomechanical structure that allows complex motions while
providing stability and protection for the spinal cord during a variety of loading conditions.
In this study, finite element models of spine are developed to investigate clinical problems
as well as to predict its biomechanical behaviour. This research proposes a combination of
an online real-time FE simulator and an offline nonlinear FEA solver. Haptic feedback is
provided in the online FE simulator to enhance the humancomputer interaction of the
system. Primitive results of spinal deformation can be obtained from the haptic online FE
simulator. The offline FEA solver provides detailed deformation and strain/stress
information based on the primary simulation results from the online FE simulator.
Keywords: spine; finite element analysis; haptic interface
1. Introduction
The human spine is a biomechanical structure that allows
complex motions while providing stability and protection
for the spinal cord during a variety of loading conditions.
Spine is a very complicated and vulnerable part of our
skeleton. Eight out of ten people in the United States will
have problems with lower back pain at some point in their
life (Vallfors 1985). A significant proportion of back pain is
related to the degeneration of the spine or spinal injuries.
Another example is scoliosis, a three-dimensional (3D)
deformity of the spine and trunk affecting from 1.5% to
3% of the population. In some cases, surgical correction is
required to straighten and stabilise the scoliosis curve.
Many investigations have been done on the human spine in
attempts to broaden our understanding, to develop new
implants or new surgical strategies.
A biomechanical investigation of the human spine can be
done by computer modelling and simulation (Fagan et al.
2002). Finite element analysis (FEA) is a widely used
simulation tool and has been making significant contribu-
tions to our understanding of the biomechanics of spine.
FE analysis also provides support in the design of spinal
instrumentation. However, constructing an accurate FE
spine model is difficult because of the complexity of spine.
Also, conducting simulation of spine deformation with
FEA package is far from intuitive.
With the development of haptic devices, more and more
haptic interfaces are found in medical simulation, such as
surgical planning and laparoscopic surgical training. Haptic
interfaces provide touch feedback to operators, thus
simulation with haptic feedback often offers better realism
compared to those with only a visual interface. The purpose
of this project is to create a haptic interface for an FE-based
deformable spine model. This system provides haptic feed-
back with PHANToM
†
device, allowing the operator to
touch and manipulate the FE spine model (SensAble). By a
simulation in the haptic virtual environment, the user can
experience more intuitive interaction. The potential appli-
cations of our proposed method include education, surgery
simulation and planning.
2. Overview and framework of the system
This research project is composed of three major compo-
nents: I) construction and preparation of FE models of
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spine; II) haptic simulation of the FE spine model; III)
offline FE analysis.
Because haptic interaction requires high updating rate up
to 1000 Hz, only simple and fast enough FE spine model
can be used. The FE solvers of haptic interface are often
restricted to linear solver or simple nonlinear solvers. Most
literatures of research on FE simulation of spine use
tetrahedral or brick element type in order to obtain more
thorough information of spinal deformation. However,
haptic interface’s requirement for high updating rate makes
it difficult to use solid elements in the haptic virtual
environment, because these solid element types often result
in huge numbers of elements and nodes. Therefore, beam
element is chosen as the FE type for the real-time haptic
simulator. However, the beam element type provides very
limited information of stress and strain of vertebrae or
inter-vertebrae discs, which is potentially important. In
order to provide stress/strain information of spinal defor-
mation, commercial FEA software (ABAQUS in our case)
is introduced into our system and tetrahedral element type
is chosen for the offline computation. In summary, the
simulation is achieved in two steps. Firstly, simulation in the
online haptic simulator can obtain quick, intuitive but
rough results. Then, the displacement and deformation of
spine from the haptic simulator is then inputted to the
offline FEA application for further detailed analysis.
Figure 1 shows the architecture of the system. The
research started with the construction of the geometric
and FE models of spine. Two types of FE models, beam
element FE model and tetrahedral element FE models
respectively, were created based on the 3D models of
vertebra. The material properties of FE models should be
validated before simulations. In the haptic simulator, a user
could poke or pull any vertebra to any arbitrary direction to
obtain desired deformation. After the user is satisfied with
the deformation of spine model in haptic simulator, the
displacements of some focused vertebrae are inputted to the
offline commercial FEA application for more detailed
simulation and the results of stress and strain information
can be obtained.
3. Related works
Research on the kinematics and deformation behaviour of
spine has profound implications in formulating treatment
strategies for surgery, physical therapy and new medical
devices for spine. Often, surgeons are faced with significant
challenges in dealing with pathological spinal deformities.
Objectives of spinal surgery often include curvature correc-
tion and prevention of further deformity. For instance,
when a scoliotic patient requires surgical treatment, the
clinician has to plan the best strategy to correct the spinal
3D modeling by 3D laser 
scanning or iso-surface creation 
3D geometry of spine
Beam element model of 
spine
Tetrahedra solid model of 
spine
Material parameter 
validation
Haptic simulation and 
virtual spine manipulation 
Is the 
deformation 
satisfactory?
Material parameter 
validation
Offline FEA (ABAQUS)
No Yes
Displacement/
orientation of the focus 
vertebrae 
Detailed information of 
strain/stress 
Figure 1. Architecture of the system.
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deformity (Schlenk et al. 2003). Spinal deformities are
complex and often composed of more than one deforma-
tion types. Knowledge of the complexities of deformation is
crucial to the design of an appropriate surgical scheme. The
surgeon must try to understand how the spine could deform
under certain forces, the flexibility of the main spinal curve,
the curvature type and so on. (Schlenk 2003) However,
there is no objective definition of the ‘best surgical plan’. In
this context, the strategy depends mainly on the surgeon’s
expertise. Therefore, computer-based biomechanical model
may be a useful tool to help surgeons better understands the
biomechanics of the spine deformation and to provide
guidance when planning the surgery (Lafage et al. 2004).
Finite element models have been used for years to study
scoliosis biomechanics. In Lafage et al. (2004), Cotrel
Dubousset (CD) scoliosis surgery was simulated for
patients with idiopathic scoliosis using a 3D FE model
(FEM) of the patient’s entire spine. Using a FE model of
the spine and rib cage, Gignac et al. put forward a
optimisation approach to find optimal correction patterns
for scoliotic spines (Gignac et al. 2000). More examples of
using FE method to study scoliosis biomechanics can be
found in Aubin (2002).
Haptics, the science of touch, has been applied in virtual
reality environments to increase realism. Recently, haptics
has been applied to in medical education. For example,
virtual haptic back (VHB), from Ohio University, is a
significant teaching aid in palpatory diagnosis (detection of
medical problems via touch) (Robert et al. 2004). The VHB
simulates the contour and compliance properties of human
backs, which are palpated with two haptic interfaces. In
(Gorman 2000), a haptic feedback lumbar punctures
simulator is devised to provide a safe method of training
medical students for an actual lumbar punctures procedure
on a patient. Lumbar punctures (LP) are complex, precise
procedures done to obtain cerebro-spinal fluid from a
patient for diagnostic purposes. Errors resulting from
inadequate training can result in serious outcomes. The
haptic simulator hopefully could provide a good training
for the LP process. Haptics is also found applications in
spine surgery telerobotic system (Boschetti et al. 2005).
Haptic feedback can guide operator during the execution of
a 5 degrees of freedom surgical teleoperation task.
4. Geometric and FE model of spine
4.1 The geometric modelling
This paper aims to build up a virtual spine model with
general purpose. In this context, a healthy spine is prefer-
able to a specific diseased one. In this research, a resin spine
model (Budget Vertebral Column CH-59X Life Size 29’’
Tall), which is cast from a Chinese Singaporean cadaver,
is digitised to create the geometric model of the spine
(Figure 2(a)). A common method used to create computer
models of the spine is by stacking computed tomography
(CT) images sequentially to develop and discretise the 3D
solid model. However with this method, the computer
model does not well represent the geometry of the highly
irregular vertebra, especially its posterior part.
In this study, a relatively detailed spine model is created.
Detailed polygonal mesh models of vertebrae are obtained
through a direct digitising approach that captures the highly
irregular bony structure of the spine (Figure 2(b)). NURBS
surface models are then constructed based on the polygonal
mesh models (Figure 2(c) and (d)). The NURBS models are
templates. Customised models can be obtained by modify-
ing the templates according to dimensional specifications of
patients. Methods of geometric personalisation of vertebrae
can be found in (Mastmeyer et al. 2006). Once the
geometric models of vertebrae have been prepared, FE
models can be constructed according to these geometric
models.
4.2 The FE model for the haptic rendering
One of the concerns of design and implementation of a
haptic interface is the high updating rate of haptic render-
ing. Low updating rate could result in instability or
vibration when using the haptic device. The FE model for
(a) (b) (c) (d)
Figure 2. Process of geometric modelling.
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haptic interaction purpose is simplified and optimised so
that the number of elements and nodes is small. In the
haptic interface, spines are represented by beam elements.
Similar strategy of simulating spines with beam element can
be found in Lee (1995) and Lafage et al. (2004). Figure 3
shows the construction of stiff beam element FE model of
vertebrae. Points A and B are the centre points of the upper
and lower endplates of vertebra body. Points C and D are
the leftmost and rightmost points of transverse processes.
Point E is the rearmost point of spinal process. Vertebrae
are represented using these stiff elastic beams. Points A and
B are then connected to inter-vertebral discs. Points C, D
and E are to be connected to specific ligaments. Figure 4
shows the assemblage of the spine FE model.
The flexural moments of inertia (Iy, Iz) of beam elements
of intervertebral discs (IVD) are directly calculated from the
intervertebral disc geometry. An analogy with the beam
theory allowed the Young’s modulus to be expressed as a
function of the disc stiffness in bending (Kf, obtained from
in vitro experiments (Lafage et al. 2004)). Similarly, the
torsion moment of inertia was expressed as a function of
the disc stiffness in torsion (Kt, obtained from in vitro
experiments (Lafage et al. 2004)). Ligaments were modelled
using tension-only truss elements. Two ligaments connect-
ing transverse processes and one ligament connecting
spinous process are created. The sacrum is also included
as a quasi-rigid body composed of a set of stiff beams. The
material properties of ligaments and disks can be found by
reference to (Lafage et al. 2004).
4.3 FE models for offline FEA
Because the purpose of the offline FEA is to gain the
information on the stress/strain of vertebrae and interver-
tebral discs, the FE model should be delicate and precise
Figure 3. Structure of beam element model of a vertebra.
(a) (b) (c)
vertebra   
Intervertebral 
discs
Ligament 
Figure 4. Composition of FEs of spine.
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enough. The structure and details of FE model for offline
FEA is explained as follows:
The vertebral body models have a cancellous core
covered by a cortical shell of 1.5 mm thickness. The
thickness of intervertebral discs is around 10 mm. The
nucleus pulposus is modelled as an incompressible material
and 40% of the total disc volume. The models of the
nucleus, the annulus and the vertebral bodies are assembled
with tie constraints between the interacting surfaces. Be-
sides vertebra bodies and intervertebral discs, ligaments
play an important role in spinal biomechanics and stability.
The seven intervertebral ligaments were incorporated and
modelled with truss elements. The ribcage is not included in
the FE model.
As two FE models are employed in this system, their
deformation under the same boundary conditions should be
coherent. Therefore, the mechanical properties of spine FE
models must carefully tuned in order to make sure
deformations from both FE models match. A similar
approach of material property adjustment can be found in
(Lafage et al. 2004). Since the offline FEA is considered as
more accurate than the online FE simulator, its results can
serve as a standard, meaning the mechanical properties of
beam element model should be adjusted according to the
behaviour of solid FE spine model. The iterative process of
mechanical personalisation is engaged in the commercial
FEA package. Firstly, the offline element spine model is
applied a force of 40N on the T1 vertebra. The force
direction is from the rear to the front. The displacement of
each vertebra is recorded and serves as the template. Then,
the same load and boundary conditions are applied to the
beam element spine model. Differences between the beam
element model and the template solid element model are
quantified. Mechanical characteristics of soft tissues of the
beam element spine are then tuned locally until the
difference between the two simulations tends to less than
5 degrees for the vertebral orientation and 10 mm for the
vertebral bodyline.
5. Haptic interactions
The haptic interface has two components: a haptic render-
ing component and a FE solver. The function of the haptic
rendering component is to provide haptic feedback to the
user when the user virtually touches the spine model. The
FE solver evaluates the deformation of the FE spine model
according to the user’s force input.
Haptic rendering is the process of applying forces to give
the operators a sense of touch and interaction with physical
objects (Zilles and Salisbury 1995). In this research, the
haptic rendering process has two stages: the rigidity stage
and the deformation stage. The spine model is rigid when
no deformation happens. The operator can touch the whole
spine model without making the spine deform. Without
pressing the PHANTOM stylus button, the operator can
touch and explore the whole spine model and the spine
model is rigid (SensAble). The algorithm used in the rigidity
stage is the point to triangular mesh haptic rendering
method (point-wall method). After the operator locates the
vertebra where he/she wants to apply force, the operator can
then press the PHANTOM stylus button and push or drag
the vertebrae to make the spine model deform. Once the
stylus button is pressed, the system switches to the other
haptic rendering algorithm of the stretched spring model. A
virtual spring is set up connecting the vertebra and the
haptic cursor. The spring has two hook points: one is on the
vertebra and the other is the haptic cursor. Both of the
hook points displace during spine deformation. The force
magnitude is determined by the length of the virtual spring
and Hooke’s law while the force direction depends on the
vector of the virtual spring.
In this research, explicit Newmark integration method is
employed to solve the FE deformation problem. The theory
of elasticity consists of a set of differential equations that
describe the state of stress, strain and displacement of each
point within an elastic deformable body. A relationship
between the deformation of the object and the exerted
forces can be established by synthesising those equations.
The differential equation governing the external forces and
resultant deformation is
Mu¨Du˙R(u)F (1)
where u is the 3n-dimensional nodal displacement vector; u˙
and u¨ are the velocity and acceleration vectors respectively;
F is the external force vector; the M is the 3n3n mass
matrix; D is the damping matrix; and R(u) is the internal
force vectors due to deformation; n is the number of nodes
in the FEM model. If the deformation is assumed to be
small, linear elastic model can be used so that strain can be
approximated as linear
ox
@u
@x
(2)
gxy
@u
@y

@v
@x
(3)
where x, y and z are the independent variables of the
Cartesian frame, and u, v and w are the corresponding
displacement variables at the given point. Because this
linear strain makes the internal force vector linear with
respect to nodal displacement vector, this leads to a
constant stiffness matrix, which can be pre-computed.
However, this solution does not consider geometric non-
linearity therefore is only fit for linear and small deforma-
tion situation. The linear strain model introduces
distortions when large global deformations occur. In our
project, the deformation of the spine is rather large,
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therefore the linear strain approximation is not suitable. We
model the deformation using the Green strain as follows
ox
@u
@x

1
2

@u
@x
2


@v
@x
2


@w
@x
2
(4)
gxy
@u
@y

@v
@x


@u@u
@x@y

@v@v
@x@y

@w@w
@x@y

(5)
The other four terms of the strain are defined similarly. The
algorithm equations are
u˙n1 u˙n
Dt
2
(u¨nu¨n1) (6)
un1un u˙nDt
u¨n
2
Dt2 (7)
Mu¨n1Fn1R(un1)Du˙n1 (8)
To achieve real-time performance, we employ Zhuang’s
mass concentration method to approximate the distributed
mass. In order to avoid inverting a large sparse matrix at
each time step, Zhuang’s method approximates the matrix
M by a diagonal matrix. The diagonalisation results in
approximating the mass continuum as concentrated masses
at each nodal point of the FE model. This simplifies the
nonlinear system of equations (8) into a set of independent
algebraic equations which can be solved at relatively high
updating rate.
A prototype system has been implemented. Although the
FE model of the spine is the simplified beam model, the
updating rate of FEM evaluation is yet far from the 1000
Hz required by haptic rendering. The FE model has 472
elements and 473 nodes, the updating rate is nearly 200 Hz.
In this case, it is difficult to simulate the FEM deformation
at 1000 Hz with a desktop computer. To avoid vibration due
(a) (b) (c) (d)
Figure 5. Simulation.
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Figure 6. The relation between the force applied on vertebra T12 and the displacement of T12.
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to the updating rate discrepancy, the force interpolation
method of (Zhuang and Canny 2000) is adopted in this
research to smooth the force feedback. The haptic feedback
between two simulated states is linearly interpolated using
the necessary high frequency. However, at time tn, we do
not have the information of tn1. Zhuang’s solution to this
problem is an intentional delay of a FEM deformation time
step, up to 1/100 s. We found such a small lag in time is
within the tolerance of human perception for a virtual
interaction with soft objects. Figure 5(a) and (c) show the
spine at initial status while Figure 5(b) and (d) show the
spine deforms under the operator’s manipulation. Figure 6
demonstrates the relation of forces applied on the vertebra
T12 and the resulted deformation and displacement of
vertebra T12. Figure 7 shows the system in use.
6. Examples and results
In this section, an example of spine manipulation is
demonstrated. A spine in the prone position is simulated.
All 6 degrees of freedom (DOFs) of the pelvis is constrained
and the only two DOFs of the T1 on the horizontal plane
are constrained. Because the pelvis is constrained and its
deformation is of no importance, it is considered as a rigid
body. In the online simulator, downward pressing forces are
Figure 7. System in use.
(a) (b)
The direction of
downward
pressing force
Figure 8. Manipulation in the haptic online simulator.
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applied to the T12 vertebra by the user through a
PHANToM†device.
The maximum exertable force magnitude of PHAN-
ToM†Desktop is 7.9 N while the force exerted by human
hands to the spine could be over 70 N. Therefore, the force
feedback must be scaled down according to the force output
range of PHANToM†. In this project, the scale factor is
10:1. The spine model is visually displayed in upright
position for the convenience of operation.
Figure 8(a) shows the beam element spine model at initial
status without any deformation. Figure 8(b) shows the spine
model with deformation under a pressing force of 50N. The
displacements of the centre of the vertebral bodies are
recorded. The displacement of the focus vertebra, T12 in
this case, is recorded as 6.5 mm then inputted into the
offline FEA solver. Figure 9 shows the result from
ABAQUS offline FEA solution. Figure 9 shows only
from T9 to pelvis because this region is the most interesting
region if a pressing load is applied on T12. Figure 9(a)
shows the tetrahedral FE model without deformation.
Figure 9(b) and (c) show the von Mises stress distribution
after deformation.
7. Conclusions
In this paper, a finite-element based spine simulation system
with haptic interface is described. The geometric modelling
of spine and vertebra is explained. Then, the FE model of
the spine is created with the requirement of haptic rendering
considered. The dynamic FE evaluation method is used to
simulate the spine deformation. Haptic feedback provided
by the system helps to enhance the realism and intuitive-
ness. The offline FEA solver can use the primitive results
from the online haptic simulator to generate more detailed
information.
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